ABSTRACT: Renal tubular cells respond to mechanical stimuli generated by urinary flow to regulate the activity and transcript abundance of important genes for ion handling, cellular homeostasis, and proper renal development. The primary cilium, a mechanosensory organelle, is postulated to regulate this mRNA response. The aim of this study is to reveal the transcriptome changes of tubular epithelia in response to fluid flow and determine the role of primary cilia in this process. Inner-medullary collecting duct (CD) cells were subjected to either static or physiologically relevant fluid flow (∼0.6 dyn/cm 2 ). RNA-sequencing analysis of ciliated cells subjected to fluid flow showed upregulation of 1379 genes and down-regulation of 1294 genes compared with static control cells. Strikingly, only 54 of these genes were identified as gene candidates sensitive to primary cilia sensing of fluid flow, of which 16 were linked to ion or water transport pathways in the CD. Validation by quantitative real-time PCR revealed that only the expression of transferrin receptor, which is involved in iron transport; and tribbles pseudokinase 3, which is involved in insulin signaling, were unequivocally regulated by primary cilia sensing of fluid flow. This study shows that the involvement of primary cilia in ion transport in the collecting duct is exceptionally specific.-Mohammed, S. G., Arjona, F. J., Verschuren, E. H. J., Bakey, Z., Alkema, W., van Hijum, S., Schmidts, M., Bindels, R. J. M., Hoenderop, J. G. J. Primary cilia-regulated transcriptome in the renal collecting duct. FASEB J. 32, 000-000 (2018). www.fasebj.org
In mammals, kidney function is pivotal maintaining the body's water and electrolyte balance. Ultrafiltrate exiting the glomeruli flows throughout the tubular segments of the nephrons, where most of the water and electrolytes previously filtrated are efficiently reabsorbed. Tubular water and electrolyte reabsorption is facilitated by paracellular and transcellular mechanisms involving tight junction proteins, water channels, ion channels and transporters, and their associated regulatory proteins (1, 2) . The urinary flow rate is highly variable (5-15 nl/min under physiologic conditions) depending on heart rate and a tubuloglomerular feedback mechanism mediated by the macula densa (3, 4) . Variation of urinary flow can also occur secondary to volume expansion, osmotic diuresis, or diuretic administration (5, 6) . Fluctuations in urinary flow result in changes in luminal pressure, which cause axial fluid shear stress and circumferential stretch. It is notable that, despite the fluctuation of tubular fluid flow and consequent electrolyte load, the renal tubular epithelia have an extraordinary capacity to adapt paracellular and transcellular ion transport fluxes to the changes in the content of the tubular lumen. This exceptional adaptability is crucial for maintenance of the body's electrolyte and water balance. It is therefore postulated that the tubular epithelia sense urinary flow to regulate water and electrolyte balance.
In the nephron, the collecting duct (CD) constitutes the last tubular segment through which urine passes before being excreted. The CD is of paramount relevance to the maintenance of the water and electrolyte balance because water and electrolyte reabsorption does not occur beyond this segment. Thus, the CD determines the final composition of the urine. In detail, the CD is composed of 2 cell types, namely the principal and intercalated cells. Principal cells are a key regulatory site for sodium (Na + ), potassium ABBREVIATIONS: AQP, aquaporin; ARL13b, ADP ribosylation factor-like GTPase 13b; bp, base pair; CD, collecting duct; DAVID, Database for Annotation, Visualization and Integrated Discovery; Dync2h1, dynein cytoplasmic 2 heavy chain 1; ENaC, epithelial Na + channel; GO, gene ontology; Ift140, intraflagellar transport 140; IMCD3, inner-medullary collecting duct 3; KEGG, Kyoto Encyclopedia of Genes and Genomes; KO, knockout; qRT-PCR, quantitative RT-PCR; RNA-seq, RNA sequencing; sgRNA, single guide RNA; TPM, transcripts per million; WT, wild type (K + ), chloride (Cl 2 ), and water handling (7) . Intercalated cells have been known to participate in the regulation of the acid-base balance. However, several lines of evidence indicate that intercalated cells also play a significant role in the regulation of sodium, chloride, and potassium homeostasis (8) . Na + reabsorption is mainly electrogenic, hence its mediation by diffusion from urine into the cell through the apical amiloride-sensitive epithelial Na + channel (ENaC), whereas K + secretion is mediated by an ATP-dependent potassium channel [renal outer medullary channel (ROMK)] and the Maxi-K + channel (7, 9) . Water reabsorption in the CD is facilitated by aquaporins (AQPs), or water channels (10) . Previous studies have shown that an increase in urinary flow, which elicits fluid shear stress in the CD epithelia, regulates CD Na + reabsorption and K + secretion (11) (12) (13) . These effects of fluid flow on CD electrolyte handling lead to the conclusion that renal tubular cells respond to fluid flow to regulate the activity and abundance of electrolyte channels and transporters in the CD. In fact, this postulation has been demonstrated in the connecting tubule of the nephron, where fluid shear stress regulates the gene expression of transient receptor potential cation channel subfamily V (Trpv5) and solute carrier family 8 member a1 (Slc8a1), coding the proteins that allow transepithelial Ca 2+ transport in this segment of the nephron (14) .
Primary cilia are microtubule-based structures that protrude from the luminal side of almost all types of mammalian cells. Recently, it has been suggested that the primary cilium enables renal cells to sense variations in luminal fluid flow and translate it into intracellular signals that regulate cellular processes, including gene transcription (15) . In the CD, primary cilia are present in principal cells. Therefore, it is hypothesized that primary cilia-mediated mechanosensation of urinary flow might contribute to the regulation of the transcription of genes involved in water and electrolyte handling, in addition to other cellular processes, in the CD.
In the present study, we aim to identify the genes regulated by primary cilia sensing of fluid flow in the CD to understand their implications on water and electrolyte handling as well as cellular homeostasis. To this end, we performed RNA-sequencing (RNA-seq) and quantitative RT-PCR (qRT-PCR) analyses on ciliated and nonciliated mouse inner-medullary CD (IMCD3) cells derived from Clustered Regularly Interspaced Short Palindromic Repeats/CRISPRassociated protein 9 (CRISPR/cas9)-mediated intraflagellar transport 140 (Ift140) and dynein cytoplasmic 2 heavy chain 1 (Dync2h1 ) knockout (KO) exposed to fluid flow.
MATERIALS AND METHODS
Cell lines and cell culture IMCD3 cells were cultured in DMEM/F-12 1:1 v/v medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 1 mM sodium pyruvate, 10% v/v fetal calf serum, and 10 mg/ml ciproxin, at 37°C and 5% v/v CO 2 . Cells were seeded into 6-channel ibiTreat-coated m-Slide chambers (ibidi, Martinsried, Germany) at a cell suspension density of ;0.7 3 10 6 cells/ml. The medium was refreshed twice a day. To induce ciliogenesis, cells were grown to confluency for 2 d, followed by an additional 1 d in serum-deprived medium prior to the flow experiment (Fig. 1A) .
Generation of Ift140 or Dync2h1 KO IMCD3 cell lines IMCD3 cells without cilia (i.e., Ift140 or Dync2h1 genes knocked out) were generated using CRISPR/Cas9 technology. CHOP-CHOP (https://chopchop.rc.fas.harvard.edu) was used to design single guide RNA (sgRNA) targeting the Dync2h1 or Ift140 genes. Only sgRNAs that had 1 predicted target sequence in the mouse genome were selected. We used sgRNA targeting the eighth exon of Ift140, 59-ATAAAGGACGAGTAGCTATG-39; sgRNA targeting the first exon of Dync2h1, 59-AGAGTTTGCGGACATCTCCG-39; and sgRNA that had no target sequence in the mouse genome, 59-GCGAGACAGTTTGACCGTCT-39 (as negative control). sgRNAs were cloned into a plasmid that expresses Cas9 from Streptococcus pyogenes and a GFP tag, pSpCas9(BB)-2A-GFP vector (PX458) (Integrated DNA Technologies, Coralville, IA, USA) by using the BbsI restriction enzyme site. The insertion of sgRNAs was verified by sequencing (U6 primers). IMCD3 cells were transfected with the different constructs using jetPrime Reagent (PolyplusTransfection, Illkirch, France) according to the manufacturer's instructions. Cells were checked 72 h post-transfection for their green fluorescence protein expression, harvested, and filtered using a 70-mm Falcon strainer (BD Biosciences, Franklin Lakes, NJ, USA) prior to sorting out green fluorescence protein-positive single cells in 96-well plates using flow cytometry. To confirm KO of the genes, the genomic DNA of the cells was isolated and sequenced.
Application of flow
After 1 d of culture in serum-deprived medium, cells were incubated under static conditions or exposed to fluid flow for 3 h at 37°C. To apply fluid flow, the ibidi m-Slide chamber was connected to a peristaltic pump (Ismatec, Wertheim, Germany) with a series of tubes and connectors extending to a reservoir (see Supplemental Fig. S1A for schematic representation). Each well was perfused with serum-deprived medium at a physiologic rate of 0.45 ml/min. The fluid flow rate was set to generate a physiologic stress of 0.6 dyn/cm 2 , a force within the ciliary bending profile reported in previous studies (16, 17) . For static condition, medium was refreshed. Next, cells were either lysed for RNA isolation or fixed for immunostaining.
RNA isolation and cDNA synthesis
After cells were incubated under static or fluid flow conditions, RNA was extracted using the RNeasy Micro Kit (Qiagen, Hilden, Germany). Briefly, cells were lysed in proprietary buffer RLT containing b-mercaptoethanol. Lysis mix was transferred into a spin column and subsequently washed and treated with DNAse to remove genomic DNA contamination according to the manufacturer's protocol. Finally, RNA was diluted in 14 ml of nuclease-free ultrapure water. Subsequently, RNA was reverse transcribed for 1 h at 37°C by Moloney Murine Leukemia Virus Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. Samples were subsequently diluted 1:5 with nuclease-free ultrapure water and stored at 220°C for further use.
Library preparation for sequencing
After cells were incubated under static or fluid flow conditions, RNA was extracted using the RNeasy Micro Kit (Qiagen). For library preparation, an average of 650 ng of total RNA from each condition was taken (n = 3). First, rRNA was depleted using the Ribo-Zero Gold rRNA Removal Kit (Illumina, San Diego, CA, USA). The quality of cDNA and the efficiency of rRNA removal was confirmed using qRT-PCR with primers for hypoxanthine phosphoribosyltransferase 1 (HPRT1) and 18S rRNA. mRNA was then hydrolyzed into 200-300 base pair (bp) fragments via incubation with fragmentation buffer (200 mM Tris acetate, 500 mM potassium acetate, and 150 mM magnesium acetate, at pH 8.2) at 95°C for 4.5 min. The first cDNA strand was were cultured in ibidi m-Slide chambers and stained with ARL13b antibody (1:800), a marker for primary cilia (red), and acetylated g-tubulin antibody, a marker for the basal body of cilia (green). DAPI (blue) was used as the nuclear counterstain. synthesized using SuperScript III (Thermo Fisher Scientific), and the second was synthesized using Escherichia coli DNA ligase (New England Biolabs, Ipswich, MA, USA). After purification with Agencourt AMPure XP Beads (Beckman Coulter, Brea, CA, USA), the double-stranded DNA proceeded to Illumina library preparation using the Kapa Hyper Prep Kit (Kapa Biosystems, Wilmington, MA, USA) according to the manufacturer's protocol. This includes end repair and A-tailing and adapter ligation. Postligation cleanup was performed using Agencourt AMPure XP reagent and products were eluted in 20 ml elution buffer. Prior to library amplification, samples were incubated with 3 ml USER enzyme (New England Biolabs) for 15 min at 37°C to digest the second cDNA strand. Next, libraries were amplified using Kapa HiFi Hotstart ReadyMix (Kapa Biosystems). Samples were purified using the QiaQuick MinElute PCR Purification Kit (Qiagen) and 300 bp fragments were selected using E-gel (Thermo Fisher Scientific). Correct size selection was confirmed by BioAnalyzer analysis (Agilent Genomics, Santa Clara, CA, USA).
RNA-seq
The library was sequenced using an Illumina NextSeq 500 sequencer with a 2 3 42 bp paired-end module. The sequencing analysis yielded 683 million paired-end reads corresponding to 57.4 Gbp of valid sequence data without adapter sequences.
RNA-seq data analysis
To assess sequencing read quality, FastQC v.0.11.5 (Babraham Bioinformatics, Cambridge, United Kingdom) was run on the 36 Illumina FastQ input files (paired-end data for 18 samples; Supplemental Table S1A ). Read quality of all 36 samples was sufficient to map the sequence reads to mouse exons: 0 poor quality reads, 55-59% guanine-cytosine content, and 36.2-51.1% unreplicated reads. A total of 478,313 exon sequences with flanking 50 bp sequences totaling 217 Mbp were obtained from Ensembl Biomart (http://www.ensembl.org/biomart) for the GRCm38.p5 mm10 mouse genome assembly. RSem v.1.2.31 (deweylab.github.io/RSEM) (18) was used for expression analysis of the sequence reads mapped to the mouse exons. RSEM used Bowtie2 v.2.1.0 (19) for mapping, where depending on the sample 41-51% of the reads aligned to the mouse exon sequences. The TPM (transcripts/1,000,000) measure was used to quantify gene expressions. In-house scripts were used to generate a table with gene symbols and their TPM values in the respective 18 samples (a sample of the dataset is shown in Supplemental Table S1B ).
The resulting table with TPM values were subsequently analyzed with R (www.r-project.org) and the Bioconductor library (http://www.bioconductor.org). Differentially expressed genes were identified using the limma package (20) using an adjusted value of P # 0.05 (Benjamini-Hochberg).
Pathway and gene ontology enrichment analysis
Pathway and gene ontology (GO) enrichment analysis on differentially expressed genes was performed using the U.S. National Institutes of Health Database for Annotation, Visualization and Integrated Discovery (DAVID) v.6.8 (21, 22) . Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and biologic processes were ranked by P value.
qRT-PCR
Relative mRNA expression was assessed by qRT-PCR. Primers used for qRT-PCR were designed using the Primer-Basic Local Alignment Search Tool (BLAST; http://www.ncbi.nlm. nih.gov/tools/primer-blast/) and are shown in Table 1 . An optimal concentration (400 nM, determined for each gene during primer validation) of forward and reverse primers as well as 2.5 ml of cDNA template were added to 6.25 ml 2 3 iQSYBR Green supermix (Bio-Rad, Hercules, CA, USA). The total volume was adjusted to 12.5 ml with diethylpyrocarbonatetreated deionized H 2 O. qRT-PCR (7 min at 95°C, 40 cycles of 15 s at 95°C, and 1 min at 60°C) was carried out using a CFX96 detection system (Bio-Rad). As a negative control, the cDNA template was substituted for diethylpyrocarbonate-treated water. In addition, to ensure that residual genomic DNA was not being amplified, control samples in which reverse transcriptase was omitted during cDNA synthesis were included in the plates during measurements. All samples were normalized to the expression level of the standard mouse-specific reference gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh). Gene expression data were calculated using the Livak method (2 2DDCt ), and they represent the mean fold difference from the control group. 
GTCCAGAAGCCCACAGTCA GCTGCTTAATGTCACCCTGG
Immunocytochemistry and imaging
Following experimentation, cells were first rinsed with ice-cold PBS solution followed by 30 min fixation and 15 min permeabilization in 4% w/v paraformaldehyde in PBS and permeabilization buffer (0.3% v/v Triton X-100 in PBS and 0.1% w/v bovine serum albumin) respectively. Cells were incubated overnight at 4°C with rabbit anti-ADP ribosylation factor-like GTPase 13b (ARL13b; 1:800; Proteintech, Rosemont, IL, USA) in goat serum dilution buffer (16% v/v goat serum in PBS pH 7.4). Next, wells were washed with PBS and incubated for 1 h at room temperature in 1:250 diluted Alexa Fluor 594 conjugated anti-rabbit IgG (Molecular Probes, Eugene, OR, USA) in goat serum dilution buffer in the dark. Cells were further costained with mouse g-tubulin antibody (1:800; SigmaAldrich) for 2 h at room temperature, followed by 1 h incubation with 1:250 diluted Alexa Fluor 648-conjugated antimouse IgG (Molecular Probes), and mounted on slides using Mowiol (Polysciences, Inc., Warrington, PA, USA). DAPI was used as nuclear counterstain. Images were acquired using an Olympus FV1000 Confocal Laser Scanning Microscope (Tokyo, Japan) equipped with a 360 oil-immersion objective. A z stack with 0.1-0.25 mm between each slice was acquired throughout the length of the ciliary axoneme and the nucleus.
Data statistics
Experiments for validating candidate genes were performed in triplicate. For qRT-PCR, data were calculated using 2 2DDCt (23) and they represent the mean fold difference from the calibrator group. All data are expressed as means 6 SEM. Differences between groups were assessed using 2-way ANOVA followed by the post hoc Tukey's test. Where appropriate, data were logarithmically transformed to fulfill the requirements for ANOVA, but all data are shown in their decimal values for clarity. Statistical significance was accepted at P , 0.05 and the analysis was performed using SigmaPlot v.11.0 for Windows (Systat Software, Inc., Chicago, IL, USA).
RESULTS
Validation of the flow system used and the cell lines generated As a validation step for our flow setup (Fig. 1A) , transcriptional expression levels of a known fluid flow-sensitive gene, Ptgs2 [prostaglandin-endoperoxide synthase 2, which encodes cyclooxygenase 2 (COX2)] (24, 25), were determined by qRT-PCR under static and flow conditions (;0.6 dyn/cm 2 ). Fluid flow resulted in ;4-fold increase of Ptgs2 expression in both wild-type (WT) and KO cell lines, compared with their parallel static controls (Fig. 1B) . In order to obtain cell lines lacking cilia, we performed CRISPR/Cas9-mediated KO of Ift140 (c.1047_1048 insT; p.M350Tfs*376) or Dync2h1 (c.-4_27del; p.?) (Supplemental Fig. S1B ), involved in retrograde intraflagellar transport. Both KO cells lacked primary cilia as denoted by the absence of ARL13b (cilia marker) immunostaining (Fig. 1C, D) . Mutations in both genes are associated with severe developmental disorder phenotypes in humans: Jeune asphyxiating thoracic dystrophy and short-rib polydactyly syndrome, respectively. Affected subjects suffer from skeletal dysplasia causing short ribs and a narrow thorax with lung hypoplasia. Some individuals also develop childhood-onset end-stage renal disease with a nephronophthisis-like phenotype (26, 27) .
Regulation of the collecting duct transcriptome by primary cilia sensing of fluid flow through RNA-seq analyses
In order to unravel the transcriptional changes and mechanisms that are regulated by primary cilia sensing of fluid flow in the renal tubule, RNA-seq was performed on RNA samples from IMCD3 cells. In order to distinguish between gene-specific effects and effects resulting from the lack of cilia, we compared WT to Ift140 and Dync2h1 KO cells subjected to 3 h of fluid flow. As controls, RNA samples from all 3 cell lines not subjected to flow (static condition) were included. First, to discern the relative variation in the transcriptional profile following the application of flow, removal of primary cilia, or both, principal component analysis was performed based on the expression values of all expressed genes. Forty percent of the total variance in the data was captured by the first 2 principal components. It is clear that the transcriptional profile of the KO cells, particularly Dync2h1 KO cells, is markedly different from that of WT cells in their static condition (Fig. 2) . When cells were subjected to flow, however, the transcription profiles of WT and KO cells shift in a similar direction (indicated by the black arrows in Fig. 2 ). This suggests many of the transcriptional changes induced by fluid flow are cell-type independent (i.e., not sensed by primary cilia but rather the result of a particular gene). In order to elucidate the identity of the physiologic processes regulated by flow, the transcriptome of WT cells in the static condition was compared with the transcriptome of WT cells subjected to flow. In detail, ciliated IMCD3 WT cells subjected to fluid flow showed an upregulation of 1379 genes and a down-regulation of 1294 genes compared with static control cells (adjusted P , 0.05), among which are known fluid flow-sensitive genes [e.g., encoding COX2 (Ptgs2) and C-C motif chemokine ligand 2 (Ccl2), encoding monocyte chemoattractant protein-1, or MCP1)] (Supplemental Table S2A , B). The physiologic pathways associated with these genes were obtained by GO term and KEGG pathway enrichment analyses using the DAVID functional annotation chart tool. According to KEGG analysis, 41 pathways were found to be significantly enriched (P , 0.05). Of the 41 pathways identified, the 19 with the lowest false discovery rate are shown in Fig. 3A ; the full list is shown in Supplemental Table S3A . Here, pathways such as cell cycle, MAPK signaling, TGF-b signaling, and endocytosis are enriched. Similarly, the top 5 GO terms from each of the 3 domains of molecular biology are depicted in Fig. 3B (Fig. 3B) , cell cycle and phosphorylation were among the most significantly enriched pathways, further corroborating the KEGG analysis.
To identify those candidate genes and processes that are uniquely regulated by primary cilia sensing of fluid flow and not a result of cilia structure-independent gene effects, the transcriptional changes evoked by fluid flow in WT ciliated cells were compared with those evoked by fluid flow in nonciliated cells, for which 2 approaches were used (Ift140 and Dync2h1 expression KO). Through this comparison, the effects of fluid flow on the regulation of the expression of 54 genes in ciliated cells were abolished when primary cilia were absent (Ift140 and Dync2h1 KO cell lines) (Supplemental Table S4 ). These genes are, therefore, identified as candidates whose gene expression is regulated by fluid flow as sensed by primary cilia. Next, the relationship between these genes and the primary functions of the CD, namely water and electrolyte handling, was identified ( Table 2) . Of these 54 genes,16 were found to be linked to pathways related to ion or water transport (Table 2 ). To corroborate these candidates identified through RNA-seq analyses, the expression levels of these 16 genes [dual specificity phosphatase 6 (Dusp6); plasminogen activator, urokinase (Plau); Ras-related glycolysis inhibitor and calcium channel regulator (Rrad); F2R-like trypsin receptor (F2rl); serpin family E member 1 (Serpine1); tribbles pseudokinase 3 (Trib3); protein phosphatase 2 regulatory subunit b (Ppp2r5b); heat shock protein family A member 1A (Hspa1a); heat shock protein family A member 1B (Hspa1b); claudin 3 (Cldn3); claudin 4 (Cldn4); PDZ and LIM domain 5 (Pdlim5); solute carrier family 20 member 1 (Slc20a1); RELB proto-oncogene, NF-kB subunit (Relb); egl-9 family hypoxia inducible factor 3 (Egln3); and transferrin receptor 1 (Tfrc)] were determined by qRT-PCR in 3 independent experiments. Similar patterns of gene expression were observed between the RNA-seq and qRT-PCR analyses.
Expression of Tfrc in the CD is regulated by fluid flow sensing by primary cilia Among the genes that are linked to pathways related to ion transport was Tfrc. Tfrc (encoding the transferrin receptor protein 1, TfR1, which modulates cellular iron uptake) is expressed in the kidney, including the CD (Table 2) . Here, RNA-seq analysis shows that fluid flow significantly increases the mRNA levels of Tfrc in a primary ciliadependent manner: this effect is abolished in the absence of primary cilia. This was also clearly observed with qRT-PCR, where fluid flow-mediated up-regulation of Tfrc expression was significantly reduced in both Ift140 and Dyn2h1 KO cells (Fig. 4) .
Fluid flow sensing by primary cilia regulates the expression of genes linked to Na + transport in the CD In the CD, Na + transport is mainly carried out by the apical ENaC (influx into the cell) and the basolateral Na Yes (28) Regulates PP2A-mediated (de) phosphorylation of PKB (insulin signaling pathway)
Regulating the insulin-dependent activity of the Na ATPase (efflux out of the cell). Gene expression of the subunits conforming ENaC was not picked up in the RNA-seq probably due to low transcript coverage data ( Supplemental Fig. S2) ; however, by qRT-PCR, ENaC subunits were found to be expressed in IMCD3 cells (Supplemental Fig. S3) . From the analyses shown in Table 2 , Trib3, Dusp6, Rrad, F2rl, Serpine1, Plau, and Ppp2r5b are experimentally linked to pathways regulating transport of Na + by ENaC, (e.g., the insulin pathway). Expression measurements of these genes by qRT-PCR confirmed the expression patterns disclosed by RNA-seq analyses ( Fig. 5 and Supplemental Fig. S4 ). However, statistical analyses of the qRT-PCR data (2-way ANOVA followed by Tukey's test) revealed that only Trib3 expression is unequivocally dependent on fluid flow sensing by primary cilia (P , 0.05 in the comparisons of WT cells vs. Ift140 KO cells and WT cells vs. Dync2h1 KO cells). In detail, absence of primary cilia significantly abrogated the Trib3 up-regulation of expression evoked by fluid flow sensing in WT cells (Fig. 5A) .
Dusp6, F2rl, and Serpine1 qRT-PCR expressions were found to be significantly up-regulated due to fluid flow sensing in WT cells. Although this effect is reduced in both Dync2h1 KO and Ift140 KO cells compared with WT cells, statistical analysis (2-way ANOVA followed by Tukey's test) revealed that the difference was not significant (Fig.  5B-D) . Rrad qRT-PCR expression was increased by fluid flow sensing only in Dync2h1 KO cells (P , 0.05) (Fig. 5E) . qRT-PCR results of Plau and Ppp2r5b genes did not show significant differences between any of the conditions (Fig.  5F-G) .
Fluid flow sensing up-regulates Hspa1a and Hspa1b expression independently of primary cilia in the CD Similar to other stressful conditions (pH shift, heat shock, hypoxia), fluid flow also significantly increases the mRNA levels of heat shock proteins 70 (Hspa1a and Hspa1b, linked to AQP2 trafficking) in WT, Ift140 KO, and Dync2h1 KO cells (Fig. 6A, B) , as measured by qRT-PCR. This increase in Hspa1a and Hspa1b expression elicited by fluid flow sensing was statistically equal among the 3 cell lines used (P , 0.05), contrasting with the significance obtained through RNA-seq analyses.
qRT-PCR measurements further demonstrated no significant regulation of Relb and Egln3 expression by primary cilia sensing of fluid flow (Fig. 6C, D) .
Cldn3, Cldn4, Pdlim5, and Slc20a1 expression is not regulated upon fluid flow sensing by primary cilia
Based on the RNA-seq analyses, primary cilia sensing of fluid flow was hypothesized to regulate the gene expression of Cldn3 and Cldn4, encoding tight junction proteins in the collecting duct. However, this hypothesis was invalidated by qRT-PCR analyses (Fig. 7A, B) . The expression of Pdlim5, a gene involved in the regulation of Cl 2 /HCO 3 2 exchanger basolateral protein (AE1), was found to be significantly up-regulated as a result of fluid flow sensing in ciliated and nonciliated cells. This effect was abolished in Dync2h1 KO cells but not in Ift140 KO cells (Fig. 7C) . Phosphate transport is facilitated by several proteins in the CD, of which Slc20a1 [encoding for pituitary-specific positive transcription factor 1 (PiT1)] was differentially expressed by fluid flow in the RNA-seq analyses. qRT-PCR measurements showed a trend of increase in Slc20a1 expression in all cell types (WT, Dync2h1 KO, and Ift140 KO cells) but none of these increases were statistically significant (Fig. 7D) .
DISCUSSION
In the present study, we have determined that the contribution of the primary cilium to the transcriptomic response elicited by flow sensing in the renal CD is substantially specific and restricted to cellular iron handling and insulin signaling. Variation of urinary flow is a physiologic mechanical stimulus in kidney homeostasis (5) . However, little is known about how renal cells respond to such mechanical stimulus, or about the role of the assumed cell mechanosensory organelle: the primary cilium.
Before examining the flow-sensing capacity of primary cilia to putatively control water and ion transport in the CD, we first aimed to identify the transcriptional changes caused by fluid flow in normal ciliated IMCD3 cells (i.e., WT). We observed a robust shift in the transcription profile (2673 genes differentially expressed) of ciliated cells (WT) exposed to fluid flow as compared with their static counterparts (Fig. 2) . However, it should be noted that these IMCD3 cells are grown on solid supports, hence lack the exquisite delineation of apical and basal structures as perceived in cells grown on permeable supports. Therefore, cells grown on permeable supports may exhibit additional transcriptional changes mediated by fluid flow, particularly in the context of renal transepithelial transport. Ptgs2 and Ccl2 (fluid flow-sensitive genes) were among those genes whose expression was up-regulated (53) (54) (55) . The present study further reveals new potential pathways that are altered by fluid flow; for instance, the forkhead box O (FoxO) signaling pathway which is involved in cell autophagy process. Fluid shear stress has been known to trigger endocytosis and cell autophagy allowing cells to cope with a variable physical environment (55, 56) . FoxO signaling pathway could be a new mechanism by which fluid flow induces autophagy.
Having identified 2673 flow-responsive genes, we next focused on finding which of those genes are dependent on primary cilia sensing. Interestingly, only 54 fluid flow-responsive genes were dependent on primary cilia sensing-a surprisingly small number considering that our cells do not possess other flowsensitive structures, such as microvilli, on their surfaces (57) . A similar observation was made in a recent study by Delling et al. (58) stating that primary cilia are not Ca 2+ -responsive mechanosensors. Thus, many of the functions classically attributed to primary cilia (e.g., left-right axis determination in embryonic development), were demonstrated to be independent of primary cilia (59) . Our finding that only 54 out of 2673 flow-sensitive genes were dependent on primary cilia sensing clearly support this notion. Thus, it seems possible that other mechanosensing cellular components, such as the glycocalyx (a membrane-bound filament structure), and several transmembrane flowsensitive ion channels regulate the majority of the flow-responsive genes. Literature mining of the 54 genes revealed that 16 genes are associated with pathways linked to the primary function of the CD, namely water and ion transport. The changes in expression of these genes were further verified by qRT-PCR.
In particular, we found that the mRNA levels of Tfrc (encoding TfR1) significantly increased due to fluid flow sensing, and that this effect was mediated by primary cilia. TfR1 is a transferrin receptor on the plasma membrane that plays a key role in cellular iron uptake (60) . Iron is an integral component of hemoglobin and myoglobin and is essential for a wide variety of cellular processes. Similarly, the kidneys require iron for several metabolic processes that ensure proper cell function. Systemic iron concentration is mainly regulated by iron transporters in cells lining the gastrointestinal tract, liver, and the reticuloendothelial system (61, 62) . Iron transporters are expressed in most mammalian cells, including renal cells; thus, the kidney could also play an important role in systemic iron homeostasis. In this line, a study by Wareing et al. (44) demonstrated that a significant reabsorption of iron takes place in the distal segments of the nephron. The mechanism proposed to explain this phenomenon implies that iron bound to plasma transferrin (Tf-Fe) binds to TfR1 on the plasma membrane to form a complex that internalizes into endosomes. Upon acidification, iron is released and transported by DMT-1 (divalent metal transporter 1) into the cytosol (63, 43) . The free intracellular iron is then either incorporated into functional proteins, stored in ferritin, or exported basolaterally by ferroportin. Thus far, it is unclear how these iron uptake mechanisms are regulated in the kidney. Based on our results, it can be hypothesized that increased Tfrc expression results in increased TfR1 in the CD's plasma membrane. Subsequently, more Tf-Fe complexes will bind to TfR1, leading to an overall increase in CD iron influx (summarized in Fig. 8) . Furthermore, our RNA-seq confirmed the expression of solute carrier family 11 member 2, encoding DMT-1 (Slc11a2), solute carrier family 40 member 1, encoding ferroportin 1 (Slc40a1), and ferritin heavy chain 1, encoding ferritin (Fth1) in the CD (Supplemental Table S1B ). Interestingly, the mRNA expression of ferritin was significantly increased due to fluid flow (Supplemental Fig. S4 and Supplemental Table S2A) , possibly pointing to a cilia-independent increase in intracellular ferritin-bound iron storage, which would not be extruded by ferroportin (Fig. 8) . From a physiologic point of view, these findings show how the nephron CD adjusts its cellular iron uptake to variable urinary flow rate, a mechanism that is specifically facilitated by primary cilia sensing of fluid flow. Interestingly, patients with autosomal dominant polycystic kidney disease, a disease that disrupts primary cilia sensing, exhibit low levels of serum iron (64) , supporting the hypothesis that primary ciliamediated cellular iron uptake translates into renal iron uptake. It is well established that Na + and K + handling in the CD is regulated by urinary fluid flow (11, 65, 66) . Using microperfused rabbit CD, Satlin et al. (11) showed that the fluid flow-mediated increase of Na + reabsorption is facilitated by an increase in ENaC activity. TRB3 (encoded by Trib3) binds and blocks the activation of PKB, leading to disruption of the insulin pathway (48, 49) . Insulin has been found to enhance ENaC-mediated Na + reabsorption by activating PKB or serum/glucocorticoid regulated kinase 1 (67) . The flow-mediated increase of Trib3 observed in our study may not necessarily result into PKB inhibition, because in nonpathologic condition (i.e., insulin sensitive conditions), APPL1 (adaptor protein, phosphotyrosine interacting with PH domain and leucine zipper 1) blocks TRB3 binding to PKB, thereby halting the inhibition of PKB (68) . Furthermore, fluid flow has been described as a stimulus that can trigger both activation and inhibition of Na + transport; the prevalence of one mechanism or the other is dependent on the (patho-) physiologic status of the individual (10) . Therefore, an increase in Trib3 gene expression could represent a mechanism that reduces Na + transport via the insulin pathway. Rrad is yet another gene involved in the insulin signaling pathway. Unlike Trib3, Rrad was significantly up-regulated by fluid flow in Dync2h1 KO but not in Ift140 KO. This may play a role in the difference of phenotype observed in patients with either IFT140 or DYNC2H1 mutations. Patients with IFT140 mutations present a severe kidney disorder phenotype; by contrast, DYNC2H1 patients present a severe skeletal disorder phenotype instead (26, 27) .
In summary, RNA-seq analysis in ciliated and nonciliated IMCD3 cells exposed to fluid flow allowed us to characterize the flow-sensitive transcriptome and identify the specific contribution of primary cilia to this mechanosensitive mechanism. Specifically, the expression of 2 genes is unequivocally regulated by primary cilia sensing of fluid flow in the CD: Tfrc and Trib3. Trib3 is related to insulin signaling, providing a new potential pathway regulated by primary cilia. The regulation of Tfrc expression by primary cilia sensing of fluid flow illustrates the first identification of a putative regulatory mechanism for renal cellular iron uptake, which may have consequences for intracellular iron homeostasis and renal iron reabsorption. 
